I. INTRODUCTION
Two-dimensional (2D) materials play essential roles in new generation technology by their unique properties due to the quantum confinement effects. After the exfoliation of graphene in 2004, 1 most of the researchers have focused on 2D materials and their modifiable features, which are used in many fields ranging from electronics, and optoelectronics to energy and sensing applications. Besides interesting properties of graphene such as high electrical and thermal conductivity, 2 mechanical stiffness, strength, elasticity, 3 and massless carrier behavior, unfortunately the lack of electronic bandgap in graphene has led researchers to propose many kinds of methods such as applying strain 4, 5 in order to open a bandgap or to discover new 2D materials, especially for semiconductor physics.
It is well known that electronic and magnetic properties of 2D materials are sensitive to external factors. It is reported that mechanical strain reduces photoluminescence and tunes the polarization of atomically thin MoS 2 layers. 6 Strain engineering is also used to enhance carrier mobility and improve drive currents. [7] [8] [9] Strain is expected to contribute the pseudo-quantum Hall Effect (QHE) when it varies smoothly without rupture in graphene 10 such that 2D materials are robust to large strain. 3, 11, 12 Mechanical strain enables one to tune the electronic bandgap of materials, which is an effective method to enhance the performance of nanoelectronic devices. MoS 2 bandgap can be tuned by applying a uniaxial tensile strain; moreover, direct-to-indirect and semiconductor-to-metal transitions have been observed. 13, 14 Indirect-to-direct bandgap transitions are also found in different types of monolayers. 15, 16 Furthermore, the magnetic structure of 2D materials can be affected by strain, which is significant for spintronic devices. The magnetism of graphene has been presented to be significantly affected by applying strain. [17] [18] [19] Similar to the graphene magnetism, the MoS 2 monolayer (ML) can be tuned by strain applications. 20 The magnetic moment of MoS 2 nanoribbons can be increased or decreased by compressive strain. 13 It has been demonstrated that the FM behavior of VS 2 and VSe 2 monolayers arises by the role of strain, and nanomechanical modulation of strain can sensitively enhance or quench the spin polarization of the exchange coupling of VS 2 and VSe 2 monolayers. 21 Pauli-paramagnetic TaS 2 and TaSe 2 have been found as exhibiting ferromagnetic behavior under the influence of strain. 22 Strong interatomic covalently bonded Hf 2 C monolayer shows magnetism due to reduction of covalent bonding and release of feature of d electrons of Hf when external strain is applied. 23 Similar behaviour has been reported for NbS 2 and NbSe 2 monolayers before. 24 Recently, quantum phase transition (QPT) behaviour has been predicted between different AFM phases in the FeCl 3 monolayer under a biaxial in-plane strain. 25 Moreover, the biaxial strain dependence of electronic and magnetic properties of monolayer chromium trihalides CrX 3 (X ¼ Cl, Br, I) has been studied. 26 It has been found that the ground state of these three monolayer structures has FM order for the strain-free state. While the structures are under the influence of compressive strain, the phase transition takes place from the FM phase to the AFM phase. Another study predicted that CrX 3 (X ¼ Cl, Br, I) monolayers can present free-standing planarity and these monolayers are found to be a ferromagnetic semiconductor, which has an increasable Curie temperature by hole doping. 27 There is limited investigation on ruthenium halides (RuX 3 , X ¼ Cl, Br, I). [28] [29] [30] [31] [32] The uniaxial strain application on RuCl 3 has predicted that magnetic ground state can be tuned by in-plane strain. 33 The FM configuration of ML-α-RuX 3 has been found to be topologically nontrivial, and in order to achieve robust FM states, one needs to apply a weak external magnetic field or small in-plane strain to RuCl 3 . 30 Strain can give rise to surprising effects on electronic or magnetic structure of materials as mentioned above; therefore, it is important to investigate strain-dependent electronic and magnetic properties of ML-α-RuCl 3 , which have been predicted recently. 32 By this motivation, we investigated the role of strain on ML-α-RuCl 3 .
II. COMPUTATIONAL METHODOLOGY
All calculations have been carried out using Vienna ab initio Simulation Package (VASP) 34, 35 within density functional theory (DFT) calculations. A plane-wave basis set with a maximum plane-wave energy of 400 eV was chosen for valence electron wave functions. Generalized gradient approximation (GGA) and Perdew-Burke and Ernzerhof (PBE) 36 type exchange correlation potential were used with the projector augmented wave (PAW) method. 37, 38 Spin-orbit coupling (SOC) effects were included. In addition, to treat the strong on-site Coulomb interaction of localized d electrons of the Ru atoms, we added Hubbard U parameter of 1.5 eV in our calculations. In the present study, we investigate the strain effect on α-RuCl 3 using U þ SOC (U ¼ 1:5 eV) as compared to our recent study that we attained a very close bandgap value with the experimental result including this U value. k-point grids of 16 Â 16 Â 1 were used within the Monkhorst-Pack scheme. 39 The convergence criterion for total energy was assumed as 10 À5 eV, and the maximum force of 0.002 eV/Å was allowed on each atom. A vacuum layer of 20 Å along the z-axis was used to avoid the interaction between neighboring layers.
The exchange interactions between the nearest, second nearest, and third nearest neighbour (J 1 , J 2 , and J 3 ) can be calculated from the following equations:
where E 0 is the ground state energy independent of the spin configuration. Magneto-crystalline anisotropy energy (MAE) has been calculated from the difference between total energies for two orientations of the magnetization with respect to the crystal lattice. 
III. ELECTRONIC PROPERTIES OF α-RuCl 3 MONOLAYER
We explored the effect of biaxial in-plane tensile strain on electronic and magnetic properties of ML-α-RuCl 3 by performing first-principles calculations within DFT and Monte Carlo (MC) simulations based on the Metropolis algorithm. We illustrated the crystal structure of ML-α-RuCl 3 and applied biaxial strain along the xy direction in Figs. 1(a) and 1(b), respectively.
The bulk form of α-RuCl 3 has a monoclinic crystal structure with C2/m space group. 41, 42 We obtained the lattice parameters as a ¼ 5:99 A , b ¼ 10:37 A , and c ¼ 6:05 A for bulk structure, which is compatible with previous studies. 32, 42, 43 The unit cell of α-RuCl 3 includes 4 Ru and 12 Cl atoms. We determined the optimized structure of the α-RuCl 3 monolayer in our previous work 32 and also reported that the ML structure has dynamical stability. To apply biaxial in-plane tensile strain, we stretched the optimized lattice along x and y directions by using the strain formula ϵ(%) ¼ (a À a 0 )=a 0 Â 100 ¼ Δa=a 0 Â 100 [as shown in Fig. 1(b) ]. Here, "a 0 " and "a" for AFM-ZZ structure in this study. Our results are in fair agreement with the literature. 33 The magnetization calculations indicate that the α-RuCl 3 monolayer has 4 μ B total magnetic moment per unit cell. Then, we obtained optimized structures of different spin oriented α-RuCl 3 monolayer under seven different strain ratios: 1%, 2%, 2.5%, 3%, 4%, 6%, and 8%. In order to investigate the influence of tensile strain on electronic properties of ML-α-RuCl 3 , we first evaluated the magnetic ground state energies for each applied strain rate. The results reveal that the AFM-ZZ configuration of α-RuCl 3 is the favorable magnetic ground state for strain values smaller than 2%, as shown in Table I . We should note that in the present study, all geometrical optimizations are performed with U þ SOC (U ¼ 1:5 eV). In our recent study, 32 we found that the FM configuration of strain free α-RuCl 3 is the favorable magnetic ground state using PBE, PBE þ SOC, and U (for U ¼ 1, 1.5, and 2 eV) in DFT calculations. This situation occurs in monolayer RuX 3 (X ¼ Cl, Br, I) structures. 44 With the increment of the strain rates, the FM configuration has the minimum ground state energy. It means that a quantum phase transition (QPT) occurs in ML-α-RuCl 3 when about 2% biaxial in-plane tensile strain is applied; therefore, we also investigated the structures under 2.5% biaxial strain. The energy differences TABLE I. Calculated relative energies for ML-α-RuCl 3 under biaxial in-plane tensile strain from 1% to 8%. The ground state energy with a minimum value is taken as a reference energy. The energy bandgap values for the FM and AFM-ZZ configuration have also been presented. "D" and "ID" refer to direct and indirect bandgaps. between equilibrium and non-equilibrium spin oriented structures (relative energy values) are presented in Table I . The ground state energies of AFM-ZZ and FM structures are almost degenerate for 2%, 2.5%, and 3% strain ratios. The small energy difference may as well be due to limitations of the DFT level of theory, rather than a physical phenomenon. This is the reason why we detail the electronic structure of both of these two magnetic phases. In a recently published paper, it is predicted that uniaxial strain (which is applied through zigzag edges of RuCl 3 ) similarly shows a phase transition from AFM-ZZ to FM order above 1% tensile strain. 33 In this respect, uniaxial and biaxial strain show a similar behavior on ML-α-RuCl 3 . Phase transition occurs about 0.5% tensile strain along the zigzag direction in the uniaxial strain condition, while the transition is obtained about 2% biaxial tensile strain. In that study, it is revealed that there is no transition when tensile strain is applied along the armchair direction. However, the opposite situation occurs such that when compressive strain is applied to the zigzag direction, there is no phase transition, while magnetic ground state changes from the ZZ-AFM to FM state in armchair direction. 33 They also reported that energy differences between AFM-ZZ and FM states increase with the increase of tensile strain along the zigzag direction, whereas they are almost unchanged along the armchair direction. 33 In our study, total energy differences between AFM-ZZ and FM states slightly increase by biaxial in-plane strain.
Afterwards, we calculated the nearest, second-nearest, and third-nearest neighbor exchange interaction parameters (J 1 , J 2 , and J 3 , respectively), in-plane (E[100] À E[010]), and out-of-plane (E[100] À E[001]) magneto-crystalline anisotropy energies (MAE) as given in Table II . Magnetic anisotropy is an important parameter for classification of the materials, which has a high, medium, or low magnetic anisotropy value depending on the type of application in technology. The FM configuration shows the maximum out-of-plane MAE value under the 3% strain ratio, while the maximum in-plane MAE value is observed under 2% strain. In addition, as can be seen, out-of-plane MAEs are almost ten order higher than in-plane MAEs, similar to VX 2 monolayers. 45 These giant MAE values presumably come out of from the strong SOC effect and make ML-α-RuCl 3 a candidate material for low-dimensional magneto-electronic applications. These huge differences between the in-plane and out-of plane MAEs may arise from breaking of transition symmetry. While the transition symmetry is preserved in-plane (x-y direction) for the ML-α-RuCl 3 similar to its bulk structure, there is no transition symmetry in the z direction (nonperiodic along the surface) for the ML-α-RuCl 3 structure. For instance, upon exfoliation of CrCl 3 , the transition from an easy-plane to an easy-axis is occurred due to breaking of the transition symmetry. 46 As can be seen in Table II , the sign of the out-of plane MAEs changes from a negative to a positive value upon increasing strain ratio, which means the energetically favored spin orientation changes from the in-plane [100] direction to the out-of plane [001] direction. These changes can be seen in the Fe(001) monolayer by the electric field. 47 These predicted results may open a way to control the MAE by applied strain. Additionally, we presented the MAE of ML-α-RuCl 3 as a function of the polar angle θ between the magnetization vectorM and the z axis for strain Fig. 2 . The polynomial model fitting for the angle-dependent MAE is used for the estimating parameters of perturbation where the well-fitted coefficient of cos θ and sin 2 θ indicates the contribution from first-order perturbation and second-order perturbation in ML-α-RuCl 3 . [48] [49] [50] Fitting parameters were also given in Fig. 2 . It is clear from the figure that while the MAE trend in the case of strain 1% and 2% is similar with those of strain free case by negative values, positive MAE values are obtained above strain 2%. This is not a surprised situation because of the phase transition about strain 2%. These results have important implications on the MAE change dramatically by varying the tensile strain ratio on ML-α-RuCl 3 .
We investigated the electronic band structure calculations to find out how the energy band diagrams change when biaxial in-plane tensile strain is applied. The electronic band structures and the partial density of states (PDOS) of ML-α-RuCl 3 in FM and AFM-ZZ magnetic order under different biaxial in-plane tensile strain rates are illustrated in Figs. 3 and 4 and Figs. 5 and 6, respectively. Moreover, calculated energy bandgap values of FM and AFM-ZZ magnetic configurations under biaxial in-plane tensile strain are provided in Table I . Recently, ultra-thin film of RulC 3 has been obtained and its bandgap value has been observed as 0:25 eV using scanning tunneling techniques. 51 There is an increment on bandgap values of ML-α-RuCl 3 in comparison to this ultra-thin film. This reduction in the bandgap value can be explained by the relation of ΔE g h 2 =(2ma 2 ), where a is the thickness of the layer and m is the effective carrier mass. [52] [53] [54] By this formula, the number of layer and electronic bandgap value are inversely proportional. Therefore, the increment of ML-α-RuCl 3 bandgaps in this study is meaningful. In our recent study, 32 we calculated the band gap value of ML-α-RuCl 3 as 0:27 eV using only the on-site Coulomb term (U ¼ 1:5 eV). When the spin orbit coupling term is considered, U þ SOC bandgap increases to 0.54 eV for FM and to 0.73 eV for AFM-ZZ (please see Table I ). In the strain-free state, the FM configuration has a direct bandgap of 0.54 eV, and the AFM-ZZ configuration has an indirect bandgap of 0.73 eV with the valence band maximum (VBM) occurring along the S-Y line and the conduction band minimum (CBM) occurring along the X-Γ line. The FM configuration exhibits a direct bandgap character for all considered strain rates, except for a strain rate of 2%, while the AFM-ZZ configuration shows an indirect bandgap. The positions of VBM and CBM can be affected by the applied biaxial in-plane tensile strain and each one can change its position within the bandgap in the AFM-ZZ configuration. Under strain rate of 1%, the VBM does not change its position, while CBM moves to the Γ point. For strain rates from 2% to 4% and also for strain 8%, the VBM is lying along the S-Y line and the CBM is still lying along the X-Γ line. Under strain rate of 6%, the VBM level does not change and CBM moves to the Γ point as for the 1% strain rate. When applied strain is 2% in FM structure, the bandgap decreases to about 0.01 eV and then increases to 0.62 eV under higher strain values. The VBM and CBM are lying along the S-Y and X-Γ line, respectively, in 2% strain indirect bandgap structure. This change in the bandgap is also another evidence of phase transition around this strain ratio. The energy bandgap value of the AFM-ZZ configuration has a non-monotonic behavior with increased tensile strain. The energy bandgap slightly decreases when the material is subjected to biaxial tensile strain from 4% to 8%.
As seen in PDOS graphs of the FM configuration at 2% strain rate (Fig. 4) the CBM, this situation turns to vice versa via increased strain ratio. Therefore, positions of the VBM and CBM points change. In the case of the AFM-ZZ configuration, conduction band has the prominent contribution from two-fold e g orbitals around the Fermi level for the strain-free state and under strain of 1% (Fig. 6 ). For strain rate of higher than 2%, the contribution of the t 2g orbitals to the conduction band is ascending around the Fermi level. More generally, for both FM and AFM-ZZ configurations, the conduction bands receive the prominent contributions from the Ru-3d orbital (mainly three-fold t 2g orbitals), whereas valence bands are essentially contributed by Ru-3d and Cl-3p orbitals. Also, p-orbitals of Cl atoms dominantly arise at lower energy values than À2 eV. In order to reveal valuable information about the favorable magnetic orientation, we represent the Ru-d orbital occupation in Fig. 7(a) based on crystal field theory. In ML-α-RuCl 3 structure, each Ru atom is coordinated by six Cl atoms, so instead of perfect octahedral crystal field, distorted octahedral crystal field is formed. This distorted crystal field results in further splitting in the t 2g and e g orbitals, such as e 1 56 We demonstrated the d orbital contributions at the Γ point of the band structures for both AFM-ZZ-RuCl 3 under the strain-free case and FM-RuCl 3 under the biaxial strain of 3% in Fig. 7(a) . As seen in this figure, with the increase of strain, energy levels degenerated and contribution to the energy levels of the d orbital components changed. We present the relative energy differences of FM and AFM-ZZ order corresponding to the strain-free case in Fig. 7(b) . For both magnetic configurations, the variation in energy difference with applied biaxial in-plane tensile strain increases exponentially, while the strain rate increases. Moreover, the energy difference between FM and AFM-ZZ configurations increases slightly as biaxial in-plane tensile strain rate increases.
IV. MONTE CARLO SIMULATION DETAILS AND OBSERVABLES
We considered the α-RuCl 3 monolayer on a twodimensional honeycomb lattice, described by the following classical J 1 À J 2 À J 3 Heisenberg Hamiltonian equation:
Here, H ex and H anisotropy terms denote the energy contributions to the system coming from spin-spin interactions between neighbor spins up to third spin and single-ion anisotropy terms, respectively. They can be given as follows, respectively:
where S i is the Ru spin located at the ith lattice site of the
FIG. 3.
The tensile strain effect on the electronic structure of monolayer α-RuCl 3 in FM order.
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system. As we noted before, based on the DFT calculations, each unit cell composing of 4 Ru and 12 Cl atoms has 4μ B , and this allows us to consider the magnitude of the Ru spins as jS i j ¼ 1=2, since there is not any contribution supported by the Cl atoms to the total magnetic dipole moment of the unit cell. J 1 , J 2 , and J 3 denote the spin-spin interactions between first, second, and third nearest-neighbor spins, respectively. In Eq. (5), k x , k y , and k z correspond to the magnetic anisotropy constants, and their values are obtained by making use of MAEs supported by DFT data. Note that values of the spin-spin interactions and also magnetic anisotropy constants as functions of the strain are given in Table II . It is known that Heisenberg-Kitaev (HK) 57 Hamiltonian generally consists of two terms. One of them controls the Heisenberg interactions, while the second one controls the Kitaev interactions. The Hamiltonian used in the current study is a limit of the HK Hamiltonian, and it does not take the Kitaev interactions into consideration. As mentioned in the previously published studies and in our recent study, 32 this limited version of the HK model provides numerical results consistent with the experimental findings. Furthermore, we should note that different type DFT calculations are needed in order to use the HK model to obtain the spin-spin interactions.
We performed MC simulations to investigate the magnetic properties of the ML-α-RuCl 3 under the presence of a controllable tensile strain value on a two dimensional honeycomb lattice. Periodic boundary conditions are imposed in all directions. We used the Metropolis algorithm with a singlesite update scheme. 58, 59 Let us briefly summarize below the simulation procedure used in this study:
• A Ru site is selected randomly among the L Â L choices.
• Keeping the other spins in the system fixed, the selected spin variable components are flipped (S i ! S 0 i ) by benefiting from the Marsaglia procedure. 60 • After this spin flip operation, the energy change is calculated using the atomistic spin Hamiltonian given in Eq. (3), as follows:
Here, H a is the energy of the α-RuCl 3 monolayer system after the trial switch of the selected spin, while H o denotes the total energy of the system with an old spin configuration. Acceptance probability is given by
where k B and T are the Boltzmann constant and temperature, respectively.
• If the energy of ML-α-RuCl 3 system is lowered, the spin flip is always accepted. If not, a random number is generated R (0 , R , 1), and if R is less than or equal to the acceptance probability (W M ), the selected spin is flipped. Otherwise, the old spin configuration keeps unchanged.
Following the steps mentioned above, we implemented a detailed MC simulation using 100 independent realizations to obtain the thermodynamic observable with high accuracy,
FIG. 5.
The tensile strain effect on the electronic structure of monolayer α-RuCl 3 in AFM-ZZ order.
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which will be discussed below. For each independent realization, the simulation starts at the relatively high temperature region corresponding to the disordered phase (i.e., random spin configuration), and then the temperature is gradually decreased until it reaches the lower temperature regions. For each temperature value, the first 2 Â 10 4 Monte Carlo step per site (MCSS) has been discarded for the thermalization process, and then the numerical data were collected over the next 8 Â 10 4 MCSS. During the simulation, the following physical observable has been measured:
• Ferromagnetic total (M) and antiferromagnetic zigzag (Z) order parameter, 61,62
where N( ¼ L Â L, L ¼ 120) refers to the total number of spins in the system, while A, B, C, and D correspond to the four different sublattices of the honeycomb lattice (for details, please see Refs. 61 and 62).
• Corresponding susceptibilities and the specific heat of the system can be, respectively, given by
V. MONTE CARLO SIMULATION RESULTS
Based on the DFT calculations, one of the main findings is that there is a QPT induced by strain between AFM-ZZ ordered and FM ordered phases in the ML-α-RuCl 3 system. The observed QPT behavior strongly depends on the amount of strain applied to the system. In this study, we used classical finite-temperature MC tools, and to the best of our knowledge, using this method, it is not directly possible to make a detailed ground state analysis to find and confirm this QPT. Nevertheless, starting from the high temperature regions, the temperature is decreased up to 10 À2 K, which enables us to obtain numerical data clearly supporting the DFT predictions. In Figs. 8 and 9 , we give the thermal variations of the observables as a function of the strain applied to the system. More specifically, in Figs. 8(a)-8(c) , we show the AFM-ZZ magnetization, corresponding magnetic susceptibility, and specific heat of the system as a function of the temperature for the strain-free 0% and strain 1% cases. It is clear from the magnetization curves that the considered system shows a zigzag order, in accordance with the DFT predictions. Also, the zigzag order parameter begins to decrease with the increase of temperature value, and after a certain value, the system shows a phase transition between AFM and paramagnetic phases. As shown in Figs. 8(b) and 8(c), magnetic susceptibility and specific heat curves tend to display a divergence behavior supporting this second-order phase transition when the temperature reaches the Néel temperature (T N ). It should be mentioned here that the value of T N sensitively depends on the amount of tensile strain applied to the ML-α-RuCl 3 system. Our MC simulation results suggest that T N are 16.71 K and 18.71 K for the strain-free 0% and 1% strain cases, respectively. In other words, applying a tensile strain beginning from the strain-free case up to 1% enhances the stability and T N of the AFM-ZZ phase.
When the amount of tensile strain applied to the system is increased further, the AFM-ZZ order tends to disappear and the FM order begins to take place in the system. In Figs. 9(a)-9(c) , we display the thermal variations of total magnetization, magnetic susceptibility, and specific heat curves of the system for varying values of the strain starting from 2.5% up to 8%. At very low temperature regions, as depicted in Fig. 9(a) , all total magnetization curves saturate to unity, which means that α-RuCl 3 system exhibits FM behavior for all considered values of strain. These observations also represent a strong evidence supporting the predictions of DFT calculations for the FM ground state, as in the case of AFM-ZZ ground state mentioned above. With increasing temperature, thermal fluctuations begin to enhance, and as a result of this fact, the magnetization starts to decrease from its saturation value. When the temperature is increased further, the system evolves towards the paramagnetic regime. In other words, a phase transition occurs in the system between FM and paramagnetic phases. We note that the aforementioned observations are supported by the thermal variations of magnetic susceptibility and specific heat curves, as represented in Figs. 9(b) and 9(c). Another important point is that the Curie temperature of the ML-α-RuCl 3 system increases when the amount of tensile strain exposed to the system gets higher, which means that applying a tensile strain enhances the stability of FM character and its Curie phase transition point.
As a final investigation, we give the magnetic phase diagram of the ML-α-RuCl 3 system in the tensile strain versus the phase transition temperature plane, in Fig. 10 . The obtained phase transition points are calculated by benefiting from the peak positions of the magnetic susceptibility and specific heat curves for all selected values of strains. As we noted before, based on the DFT calculations, there are two types of ground state configurations for the ML-α-RuCl 3 system for the studied tensile strain values in this work: AFM-ZZ order and FM order. Hence, there are two different phase transition temperature lines depending on the selected   FIG. 8 . Thermal variations of (a) AFM-ZZ magnetization, (b) corresponding magnetic susceptibility, and (c) specific heat of the ML-α-RuCl 3 system. All curves are obtained for the strainfree 0%, and strained 1% cases.
FIG. 9.
Thermal variations of (a) total magnetization (b) corresponding magnetic susceptibility and (c) specific heat of the ML-α-RuCl 3 system. Starting from 2.5%, all curves are obtained for varying values of strain up to 8%. strain value: The first one separates the AFM and paramagnetic phases (dotted lines) located at the relatively lower strain values, while the second one separates the FM and paramagnetic phases (solid line) for the higher values of strain exposed to the system. As we mentioned in Sec. I, electronic and magnetic properties of the 2D FeX 3 (X ¼ Cl, Br) monolayer have been recently investigated by Liu and co-workers. 25 It is reported that FeCl 3 system shows a QPT induced by strain where the magnetic ground state transforms from the AFM-Néel phase to AFM-Stripy. Conversely, FeBr 3 shows only an AFM-Stripy phase, and applying a strain does not induce a QPT, but it leads to get a more stable ground state. In a recent study, electronic and magnetic properties of a 2D CrX 3 (X ¼ Cl, Br, I) have been elucidated in detail by means of DFT calculations. 26 They also used Mean Field Theory to predict the Curie temperature of the considered materials, and it is reported that the Curie temperature for CrCl 3 can increase from 29.7 K to 39 K by applying a 2.4% tensile strain. From this point of view, it should mentioned here that a similar observation regarding the Curie temperature as a function of the tensile strain was found in our study: Our detailed Monte Carlo findings suggest that the Curie temperature of the ML-α-RuCl 3 tends to get higher from 4.61 K to 20.11 K with a tensile strain 8%. Besides, in a recent study, 33 it is shown that the ground state of α-RuCl 3 monolayer can change depending on the applied strain type. For example, if uniaxial strain is applied along the zigzag direction, it is possible to observe a phase transition between AFM-ZZ and FM phases. On the other hand, the positive strain applied in the armchair direction does not cause a phase transition between the phases mentioned above. Our numerical results show that there is a ground state phase transition between AFM-ZZ and FM phases depending on the applied biaxial strain value. These results are consistent with the previous studies.
As a final note, we would like to say that based on the DFT calculations, the ground state energies of the AFM-ZZ and FM phases are so close to each other for the 2% strain value. Hence, it is not so possible to make a decision about the real ground state of the ML-α-RuCl 3 . Nevertheless, we performed extra MC simulations for the system sizes up to L ¼ 120-256 to see what we will obtain. However, our MC findings demonstrate that neither the AFM-ZZ order parameter nor the FM order parameter does not saturate to unity. So, this region corresponding to the 2% strain and the other regions close to the 2% case are displayed as a shaded region in the phase diagram, where it is not so easy to make a decision about the real ground state of the system. Maybe, much more sophisticated numerical techniques can be used to overcome this problem such as Stochastic series expansion Quantum Monte Carlo method, but this certainly goes beyond the scope of this work for now.
VI. CONCLUSIONS
We comprehensively examined the influence of biaxial in-plane tensile strain on electronic and magnetic properties of ML-α-RuCl 3 using ab initio and MC methods. The material is subjected to a biaxial in-plane tensile strain along x and y directions up to 8%. Applying biaxial in-plane tensile strain leads to an evolution in the magnetic ground state and also bandgap size. When the applied tensile strain rate is smaller than 2%, favorable magnetic ground state of the material is AFM-ZZ with an indirect bandgap. For higher values of strain, the magnetic ground state changes from the AFM-ZZ configuration to the FM configuration. Therefore, there is a QPT strain ratio of about 2%. For the tensile strain rate of 2%, the energy band structure of the FM configuration exhibits a tiny bandgap value of 0.01 eV. For other strain rates, the energy bandgap takes values between 0.50 and 0.66 eV. The bandgap type of the AFM-ZZ configuration remained as indirect with bandgap values in the range of 0.72-0.76 eV. Moreover, we performed MC simulations with the Metropolis algorithm based on the classical J 1 -J 2 -J 3 Heisenberg model to investigate the magnetic properties of ML-α-RuCl 3 . It should be noted that thermal variations of the thermodynamic quantities of interest display a strong evidence supporting the DFT predictions. MC findings also suggest that the Curie temperature of the ML-α-RuCl 3 tends to get higher up to 20.11 K with a tensile strain 8%. In other words, it means that applying a tensile strain leads to getting a more stable FM ground state. Additionally, applying strain can change the magnetocrystalline anisotropy direction and MAE value of the ML-α-RuCl 3 , which could be useful in low-dimensional magneto-electronic applications. 
